The evaluation of the residue cross-sections of reactions synthesising superheavy elements has been achieved by the combination of the two-step model for fusion and the evaporation code(KEWPIE) for survival probability. The theoretical scheme of those calculations is presented, and some encouraging results are given,together with some difficulties.. With this approach, the measured excitation functions of the 1n reactions producing elements with Z=108, 110, 111 and 112 are well reproduced. Thus, the model has been used to predict the cross-sections of the reactions leading to the formation of the elements with Z=113 and Z=114. §1. Introduction
§1. Introduction
Since the discovery of the periodic table of the elements in 1869 by Mendelejjeff, 1) the number of the elements in the table increases gradually. Firstly, chemists add many. Then, since the middle of the last century, physicists are deeply involved in the quest of those which do not exist on the earth, as those elements have to be synthesized by nuclear reactions. The aim to find new heavier elements is driven by the establishment of the nuclear shell model. Various theoretical predictions claim that the nucleus with the next magic numbers after the 208 P b will be around Z = 114 and N = 184. However, some models predict a magic number of proton to be 120 or 124 and rarely a magic number of neutron to be N=172. 2), 3) Nevertheless, all the models claim the existence of the island of stability in the nuclear chart far away from the known elements.
Experimentally the elements up to Z=112 have been synthesized 4) and a few evidences indicate that the element with Z=114 and Z=116 have been synthesized. 5) In order to optimise experimental conditions, we need precise knowledge on reaction mechanisms of heavy-ion fusion. Unfortunately, they are not well understood yet. Experimentally, the phenomenon of so-called fusion hindrance, has been observed, which is usually described as an extra incident energy in addition to the height of the Coulomb barrier. 6) The "fusion hindrance" has been experimentally observed when the product of the charges of the target Z targ and the projectile Z proj is over 1600. 7) This effect becomes more and more pronounced as Z targ × Z proj increases. Thus, for theoretical predictions of synthesis of the superheavy elements, it is crucial to understand this phenomenon and to take it into account as accurately as possible. Assuming that the compound nucleus theory is applicable, residue cross sections are expressed in the following way :
where J is the total spin of the system, λ the wave lenght dived by 2π, and E c.m. the incident energy in the center of mass system. E * is equal to E c.m. +Q with the fusion Q-value. As usual, P J f usion and P J surv are the fusion and the survival probabilities for the spin J, respectively. The last factor P J surv is given by the competition between the neutron evaporation and the fission decay. For the calculation of evaporation width, KEWPIE code has been developed by the use of Hauser Feshbach formalism. 8) The code provides even detailed information on time evolution of decay of the compound nucleus by solving the Bateman equation. 9) In the decay process, the most important physical quantity is the excitation energy E* of the initial compound nucleus. But unfortunately, it is unknown in most cases due to the fact that masses are unknown in the superheavy elements, i.e., fusion Q-values are unknown. We will adopt the values predicted by Møller et al. 10) To obtain the fusion probability, several approaches have been proposed such as quantum tunnelling or mass exchange between the centers of mass of the sticked configuration of the incident ions, etc. In the two-step model, 11), 12) we assume that the fusion occurs in two phases. Firstly, the nuclei involved in the reaction are approaching each other, and then they reach the contact point after overcoming the Coulomb barrier or are reflected back. Next, the sticked pear-shaped configuration evolves to the formation of the spherical compound nucleus or once again toward the reseparation. Thus, the fusion probability is given by the product of the probabilities in the successive processes,
,where P J sticking and P J f ormation are the sticking and the formation probabilities, respectively. Each probability can be obtained by solving dynamics of each process. The amalgamated system is supposed to be excited, which means that the incident kinetic energy is converted into the thermal energy. This conversion of the kinetic energy would be made suddenly at the contact point or would start before the top of the Coulomb barrier in the approaching phase. We assume the latter, based on the observation of the dissipation in the deep inelastic collision (DIC). We will employ the surface friction model(SFM) proposed by Gross and Kalinowski. 13) Making an extension so as to include fluctuation forces associated to the frictional forces, we calculate the sticking probability as well as a distribution of the radial momentum at the contact point. The model, thus, describes a process of heating-up with a time dependent temperature and ends up with the information on the sticked configuration. 14) The next phase is the formation phase of a spherical compound nucleus which is described by a multi-dimensional Langevin equation for shape evolution with the liquid drop model (LDM) 15) potential, the inertia mass, and the friction of the one body model (OBM). 16) We use the original one-body wall-and-window formula without making any adjustment. In the phase, for sake of simplicity, we assume a constant temperature. The description of shapes of compound system is minimal with only two parameters : the elongation (distance between the centers of mass of the involved nuclei) and the mass asymmetry. The combination of target and projectile gives us the initial value of the mass asymmetry. Firstly, we will describe in detail the model for calculations of the sticking and the formation probabilities. Then, we will make comparisons with the experiments of 1n reactions performed at GSI. 4) Finally, we will present some predictions of the residue cross sections for the systems 70 Zn + 209 Bi → 278 113 + 1n, 71 Ga + 208 P b → 278 113 + 1n and 76 Ge + 208 P b → 283 114 + 1n that will be measured in a very near future. §2. Probabilities of fusion
The sticking probability: Passing-Over Coulomb Barrier under Friction
In the approaching phase, dissipation of the orbital angular momentum comes into play, coupled with the radial motion 17) . For the problem, the most simple and readily applicable model is SFM, as stated in the introduction. The original equation has been extended by the addition of stochastic terms. Starting with the intrinsic spins of the incident ions, L 1 and L 2 and the orbital angular momentum L, respectively, we introduce the following variables,
where L 0 denotes an incident orbital angular momentum and C i , i being 1 or 2, is an effective ion radius defined as follows,
where b = 1fm and
with A i being the mass number of i-th ion. Then, the Langevin equation for two-body collisions is written as
where µ is equal to the reduced mass of the entrance channel, and V denotes a sum of the Coulomb V c and the nuclear V n potentials with the rotational energy given by the orbital angular momentum L. The friction tensor β ij and β r are given below,
where Ψ (r) is a form factor specified below, and C T and C roll denote strengths for the tangential and the rolling frictions, respectively, In addition, a parameter g is introduced for describing an effective depth of the rolling friction, which is taken to be 1.0fm. J i , i being 1 and 2, are the rigid moment of inertia of the incident ions which are assumed to be spherical. Then, the strengths θ r and θ ij are adjusted to satisfy the dissipation-fluctuation theorem with the friction tensor β r and β ij . The coefficientβ 11 is given by β 11 + Ψ (r) · C T /µ. Langevin forces are given by ω i , i being r, 1 and 2 which denote Gaussian random numbers and are assumed to have the following properties,
If one wants to introduce deformations of the ions, one has to introduce additional degrees of freedom which describe their orientations. If we assume that the rolling friction is very weak compared with the others, we take C roll to be zero. Then, dL − /dt = 0, and L − = constant = L − (−∞) = 0. The equation for the orbital angular momentum is rewritten simply as follows, 8) where the effective friction K φ and the limiting angular momentum L st are given as
L st is so-called rolling limit, while one could obtain the sticking limit if one takes the limit that the drift part of the r.h.s. of Eq. (2.5) is equal to null vector, as discussed in Ref. 18) . Together with K r = µβ r = C r · Ψ (r), equations (2.3), (2.4) and (2.8) just correspond to SFM. The correspondence is precised by giving the following relation of the friction forces,
The dissipation-fluctuation theorem is satisfied by the equations: θ 2 r = K r · T A and θ 2 11 = r 2 · K φ · T A with T A ≡ T A (t) being temperature of the colliding system in the approaching phase. Note that Froebrich et al's equation incorrectly misses the factor r 2 ,which is apparent in the wrong dimension of the fluctuation force associated with the tangential friction. 19 
), 20)
The sticking probability is obtained by the ratio of the number of trajectories that lead to the contact of the two nuclei and the total number of trajectories generated.
The formation probability: Shape evolution to the spherical shape
Shape evolution starting with the pear-shape of the amalgamated system at the contact point can be described by 3 parameters: the distance between the two centers of mass R, the mass asymmetry α, and the neck parameter ε. Those are the variables that are used in the Two-Center Parametrisation. In OBM, the friction for the neck degree of freedom is the strongest among the others. Thus the motion of the neck is supposed to be the slowest one. Then we use only the mass asymmetry and the distance between the centers of mass of the nuclei for the description of the formation process. Also in the shape evolution process, we use the fluctuation dissipation dynamics, which is treated by the general multidimensional Langevin equation like in fission process. 21)-25)
where V J denotes LDM potential energy surface plus the rotational energy for spin J. 26), 27) The equation (2 . 13) is again the dissipation-fluctuation theorem with a constant temperature T J . The friction tensor is calculated by using OBM, that is, the one-body wall-and-window formula with the two-centre parametrisation of nuclear shape.
The ratio between the number of trajectories reaching the spherical configuration and the total number of trajectories gives the formation probability. Mostly, the trajectories do not go over the ridge line, but go back to re-separation. We calculate the ratio for various initial momenta at a given touching point. Then, the total formation probability is obtained by the convolution of those probabilities with the initial distribution of momenta obtained in the analyses of the approaching phase. §3.
Comparison with experiments
The fusion cross section is calculated with the standard formula σ res = πλ
). There are few data sets of measured fusion excitation functions, with which the results of the present model should be compared. Among the systems of so-called cold fusion path, there is only one set of data available, which is on the reaction 58 F e + 208 P b. 28) It has turned out that the present calculations perfectly reproduce the measured cross sections. It is remarkable, because the present calculations do not introduce any arbitrary parameter adjusted. Moreover, the global behaviour of the results is in agreement with the expectation for a large number of reactions in the cold fusion path. In order to compare and predict residue cross sections for the superheavy elements, we have to calculate the survival probability, as discussed in the introduction with Eq. (1.1) . The decay calculations are made by the statistical theory for each J. The code KEWPIE is specially designed for careful treatments of decay paths with small fractions. The only free parameter in the program is the reduced friction coefficient (β), which is used for Kramers factor in the fission decay width. This is set as β = 5.10 20 s −1 that is in consistant with OBM. In the Fig. 1 the comparison between the calculations and the experiments 4), 29) is shown. The energy of the experimental data plotted in this figure corresponds to the energy in the center of mass minus the energy loss at the middle of the target. The associated error bars in energy correspond to the energy losses in the target.
In the case of superheavy nuclei, it is important to note that the shell correction energy is the key quantity which determines the fission barrier as LDM gives a nearly zero barrier. The shell correction energy is calculated for the ground state and is decreasing with the augmentation of the excitation energy of the compound nucleus. This is crucial for the survival probability. The decreasing of the the shell correction energy with respect to the temperature is well taken into account following the Ignatyuk et al.'s prescription. 30) Thus, the level density parameter for the spherical shape can be written as a(E * ) = a n .(1 + f (E * ).∆E shell /E * ) with f (E * ) = 1 − exp(−E * /E d ) and E * the excitation energy of the compound nucleus. The value of the shell damping is usually taken to be 18 MeV of Ignatyuk et al.. The parameter a n (or a f for the saddle point) is calculated following the Töke and Swiatecki formula. 31) In the Fig. 1 we notice that the position of the peak in E c.m. is well reproduced. However, we have to scale the shell correction energy with a factor in order to reproduce the heights of the peaks. In order to fix the factor, we use the systems 64 N i + 208 P b → 271 110 + 1n where the precise data are now available. The obtained value of the factor is 0.4 for the Møller et al.'s mass table. Then, we use the same value for all the other systems, though it might have a system dependence. Fig. 1 shows an overall (calculated curve within the experimental error bar) good agreement between the measurements and the theory. Moreover, the decreasing trend of the peak heights of the cross-sections is globally reproduced.
It is worth mentioning here that the position and the width are very well reproduced without any adjustment. §4. Predictions of the residue cross section for elements Z=113 and Z=114
As the present model reproduces very well the residue cross-sections for the above known systems, it is meaningful to apply the same recipe to the other systems where measurements are not yet made. Although we anticipate a possible system dependence of the shell scaling factor from the above comparisons, i.e.,the prediction appears already slightly too large for Z=111. However, we just extend the calculations with the same factor to the systems not yet measured, as the first prediction by the present dynamical model. We focus on the yet undiscovered element Z=113 and a new isotope of the Z = 114 produced by the cold fusion path. For the production of the element Z=113, the reaction 70 Zn+ 209 Bi → 278 113+1n or the reaction 71 Ga + 208 P b → 278 113 + 1n is under consideration. As is seen on the upper panels of Fig. 2 , both reactions are predicted to lead to roughly the same peak heights of the residue cross-sections. This similarity comes from the fact that on one hand the fusion barrier is unfavourable for the reaction 71 Ga + 208 P b → 271 113 + 1n, but on the other hand the high Q-value of this reaction leads to the lower excitation energy that is favourable for the emission of neutron in the competition with fission.
Those results are in agreement with the global experimental trend of a decreasing of the 1n residue cross-sections by roughly a factor 1/3 for each increasing of one charge unit in the SHE.
The production of the element Z=114 is the other case that we will predict. This element has been already produced by the hot fusion path, 5) but the experiment with the reaction 76 Ge + 208 P b → 283 114 + 1n will be the first measurement of the production of Z = 114 by the way of a 1n reaction (cold fusion path). The results of the calculations are shown in the lower panel of Fig. 2 . The predicted value of the peak height is around a few tenth of pico-barn. To measure the residue with such a low cross-section is a challenge in experiment. §5. Conclusion
The two-step model in combination with the statistical decay calculation is found to be able to reproduce both the positions and the absolute values of the peaks of measured 1n residue cross-sections by introducing only one scaling factor for the predicted shell correction energies. Based on the success, we have made the prediction on 1n cross-sections in 70 Zn + 209 Bi → 278 113 + 1n, 71 Ga + 208 P b → 278 113 + 1n and 76 Ge + 208 P b → 283 114 + 1n without adjusting anything more. This is the first predictions of the excitation functions of residue cross sections for the elements Z=113 and 114 by the calculations with the dynamical model of reactions. Of course, the ultimate test of the model is future experiments performed on the above systems. The model is expected to provide a reliable guideline for future experiments for productions of superheavy elements.
